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Abstract
Seismicreflectiontraveltime-offsetcurvesarecomplicated,anddependonmanyparameters.
Thereis aneedforsimplifiedequationsinvolvingareducednumberofparametersthatcanbe
estimatedfromdataandusedformoveoutcorrectionandasimplifiedvelocitymodelof the
Earth.Manyauthorshavederivedexplicitequationsfortraveltimeasafunctionofoffset,
involvingseveralparameterswhichdependonvelocity.Someauthorshaveappliedthe
approachinwhichvelocityvarieswithoffset(velocitywithhigh-ordertermsoranisotropic
properties).Herewepresentanewapproachinwhichweemployvelocityvariationwith
depthinsteadofoffset.A simplelinearvariationofvelocityisusedtoderive xpressionsfor
traveltimeandoffsetasafunctionofrayparameter,f omwhichthevariationof traveltime
withoffsetcanbeobtained.Onlytwoparametersareinvolvedindefiningthevelocity-depth
profile,buttheresultingtraveltime-offsetcurvesaregoodapproximations.Two-parameter
linearvariationsof slownesswithdepth,andvelocityandslownesswithdepthandzero-offset
traveltime,havealsobeenderivedandtherelationshipsbetweenthemaredescribed.
Comparisonof thenewapproximationswiththoseofTanerandKoehler(1969Geophysics34
859-81),andthelarge-offsetapproximationsofCaussetal (2000Geophys.Prospect.48
763-78)wasperformedusingID plane-layeredmodelswithdifferentvelocityprofiles.Taner
andKoehlerandCaussetal approximationsareinaccurateforlargeandsmalloffsets
respectively,whilethenewapproximationsshowimprovedaccuracyandcanbeappliedover
thewholerangeofoffsets.Thevelocityandslownessexpressionscanalsobeusedfor
moveoutcorrection.Syntheticandrealrecordsareusedtodemonstratetheireffectiveness.
Keywords:velocity,slowness,traveltime
(Somefiguresinthisarticleareincolouronlyintheelectronicversion)
Introduction improvementstoit. TanerandKoehler(1969)extendedthe
approximationbyderivingahigherorderseriesapplicableto
isotropiclayeredmediaforCMP gather:
tz(y) =do+dzl +d4y4+d6i +dsi +..., (1)
wherey representsheoffset. Severalauthors(AI-Chalabi
1973,1974,May andStraley1979,GidlowandFatti1990,
The hyperbolicapproximationfor reflectiontraveltimes
(Dix 1955)is generallyusedfor velocityanalysisand
stacking.Inmostcasesthisapproximationisaccurateatsmall
offset-to-depthratioonly,andmanyauthorshaveproposed
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Kaila andSain1994,Thoreet al 1994)haveshownthat
it is possibleto improvevelocityanalysisandstackingby
usingmorethantwotermsof thisseries.Reflectiontravel
timesarenon-hyperbolicevenfor a singlehomogeneous
layerif anisotropyis present,andit is commonto use(1)
with threeterms(Hakeet al 1984)or a modifiedthree-
termapproximationwithhigheraccuracyandstabilityat
largeoffsets(TsvankinandThomsen1994). All these
approximationsaregenerallyapplicableonly to relatively
smalloffset-to-depthratios.
Toobtainatraveltimeapproximationwithgoodaccuracy
atlargeoffsets,Causse tal (2000)derivedaseriesbasedon
alarge-offsetapproximation:
2 C-I C-2 C-3 C-4
t (y) =CIY+CO+- +- + - +- +"'.
Y y2 y3 y4
The large-offsetapproximationis most accuratewhere
thereis strongraybending,whiletheclassicalsmall-offset
approximationis mostaccuratein situationsof weakray
bending.So, anapproximateexpressionfor traveltimeat
all offsetscannotbeobtainedfromanyoneof theseseries
above.
To avoidthedrawbacksof usingequations(1)and(2),
Causse(2004)derivednewapproximatetraveltimeequations
thatdonotneedanyassumptionfortheoffset.Theapproach
istobuildapproximationsthatfocusonaccuratelydescribing
the subspaceof all realisticreflectiontraveltimecurves,
formedfromthelargerspaceof offsetfunctionsrepresented
byequations(1)and(2).Thetypeof theapproximationsisas
follows:
tCl(y)=clft(y) +c2h(y) +c3!3(y)+"'.
Equations(1) and(2) representparticularformsof this
expression,withexponentetequalto 2 and1,respectively,
andwith functionsfi (y) equalto positiveandnegative
integerpowersof offset. A setof referencetraveltime
curvesarecreatedfromanumberofrealisticvelocitymodels.
Causse(2004)describedamethodtoobtainanoptimalbasis
of functionsfromthesereferencecurvesby singularvalue
decomposition,andheshowsthatequation(3)providesmore
accurateapproximationsof theexactraveltimecurvesatall
offsets.
Anotherwaytoapproximatetraveltimeistouseafunction
of velocitywithdepth.A commonapproachis torepresent
thevelocityas a linearfunctionof depth. The function
canbecalledthetwo-parameterfunction,becausethereare
twoindependentparameters(initialvelocityanditsgradient).
CausseandSenechal(2006)appliedthemodel-basedapproach
to buildaccuratetraveltimeapproximationsinto velocity
analysisofGPRfielddataforverticalvelocityheterogeneous
media.
In thispaper,we extendthecalculationof thetwo-
parametervelocityfunctionof depthto a velocityfunction
in termsof theverticaltraveltimeto. We alsopresent
functionsof slownessdependentondepthandverticaltravel
timeto. Sincethefunctionshaveonlytwoparameters,they
aremuchsimplerthanequation(3). To demonstratehe
improvedaccuracyandapplicabilityof thetwo-parameter
velocityandslownessfunctionsoverawiderangeofoffsets,
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weapplyourapproximations,andthosegivenbyequations(1)
and(2),todifferentsimpleplane-layeredmodels,anddiscuss
theperformanceof each. Finally,we usesyntheticand
realrecordstoshowthatthetwo-parametervelocityandthe
slownessmethodalsogiveaccuratemoveoutcorrectionsover
awiderangeofoffsets,andwedrawsomeconclusionsonits
functionality.
Two-parameterfunctionsfor velocityandslowness
(2)
Consideringaseismicwavetravellingthroughastackofplane
homogeneousisotropiclayers,its raypathfromsourceto
receiverscanbedecomposedintoraysegmentsnumberedfrom
1toN. Thevelocityassociatedwithraysegmenti isdenoted
by Vi. ThismayrepresenteithertheP- or S-wavevelocity,
dependingon thewavemode.Thecorrespondingslowness
(1/Vi) isrepresentedbySi.Denotingthecorrespondinglayer
thicknessby!:::"Ziandusingtherayparameterp,thetraveltime
tandoffsetycanbeexpressedas
" 1 !:::"Zit- ~
- i ;1- p2V? Vi '
(4)
and
(3)
pVi
y= L !:::"Zi.
i ;1 - p2V?
Whenusingtheequivalentcontinuousvelocityor slowness
modelinsteadofalayeredmodel,equations(4)and(5)canbe
writtenas
(5)
1
1 dz
t- -
- )1 - P2V2 V 'z z z
(6)
and
1 pVz dz.y= z)1-p2Vz2
(7)
Velocitywithdepth
The typical linear function of velocity with depthcan be
describedas
Vz=Vo+kz, (8)
whereVzisthevelocityatdepthz,parameterVoistheinitial
velocityatdepthz =0 (intercept)andk is thegradient(the
rateofvariationofvelocitywithdepth).Wehave
dVz-=k
dz '
1
1 dz 1 r 1 dVz
t = z )1 - p2Vz2Vz =kp lv, ;.:!z - V2 VzP z
and
1
pVz I ] Vzy = dz=- dVz.
z )1 - p2Vz2 k v,; J... - V2p2 z
Sothesolutionofequations(10)and(11)becomes
(9)
(10)
(11)
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1 I+JI-P2Vz2
I
V"
t = -- In ,
k pVz Vo
1
I
v"
y =- k J 1- p2Vz2 ,P Vo
whereZrandVz,denotethedepthof reflectorandwavevelocity
respectivelyatthedepthZr'
Whentheraypathis vertical,p = 0,x = 0 and
lVz lVto
to= -In- = -In-
k Vo k Vo'
Vto= Voexp(kto).
Equations(8) and(14) are equivalent.From (14),
we knowthatvelocitycanalsobedescribedasa function
of verticaltraveltimeto. It followsthatwe canextend
theequivalentfunctionconcepto expressingvelocityasa
functionof traveltimetoandslownessasafunctionofdepth
andverticaltraveltimeto.
Velocitywithverticaltraveltime
If velocityis describedas
Vto=Vo+yto,
dVto-=y.
dto
Thenwecanobtain
1
1 dz l 1t= = ~
z Jl - p2Vl Vz toJl - p2Vt;
1
1
1
=- dVto,
yp v'AII - V2p' to
and
1
pVz
1
vt;y = dz= dto
z Jl - p2Vl toJ"'!" - v2pL to
1
1
v2
=- to dVto,
y v,oJ"'!" - v2pL to
thesolutionof equations(17)and(18)becomes
1
I
VTO
t =- arcsinpVto '
yp Vo
and
( 0 )I
VTO
1 Vtol 21.
Y =Y -2 p2 - Vto+ 2p2 arcsmpVto vo' (20)
wheretorepresentsheone-wayverticaltraveltimefromthe
surfacetothereflector.
Slownesswithdepth
Describingseismicslownessas
Sz =So+az,
sothat
dSz=a,dz
(12)
wehave
t _ 1 1 dz =1 s; dz- z Jl - p2VlVz z Js; - p2
=2.r s; dSz,
a is,J s;- p2
(23)(13)
(14)
and
1
pVz
1
p
= dz= dz
y z Jl - p2vl z J s; - p2
1
1
p=- dSz.
a s,JS; - p2
Thesolutionofequations(23)and(24)becomes
1
[
s 2
JI
S"
t=- ...!:..JS;-p2+!! ln(Sz+JS;-p2) , (25)a 2 2 So
and
(24)
(15)
(16)
~
I
S"
y=fln(Sz+vS;-p2) ,a So
whereZrandSz,areusedtodenotethereflectordepthand
waveslownessatthatdepth,respectively.
Whentheraypathisvertical,p = 0,x = 0 and
1 S;
I
S, 1
( 2 2)
1 2
to =- -"- = - S - S =Soz+ -az ,
a 2 2a z 0 2So
Sz= Sto= J2ato +S6.
Equations(21)and(27)areequivalent.
(26)
(27)
(17)
Slownesswithverticaltraveltime
Giventheslownessequation
(18)
StD = So+fJto,
dStD= fJ
dto '
andequations(23)and(24)canbewrittenas
1
1 dz
1
Sto
t = = dto
z Jl- p2Vz2Vz toJs~ - p2
1
1
Sto=- dSto,
fJ StoJs~- p2
(28)
(29)
(30)
(19)
and
1
pVz
1
p
y = dz= dto
z Jl - p2 Vl to S J S2 - P2to to
P
1
1
=- dSto,
fJ StDS JS2 - P2to to
thesolutionofequations(30)and(31)becomes
- 1 r Sto - 1 ~
I
STO
t - 7iJ~ J dSto - 7iVSio- p. ,S'O S~ - p2 So
(31)
(32)
(21) and
y =f r 1 1
I
STO
fJ 1stoS ~ dSto=-fJ
arccos.!!... .
toV Uto- p- Sto So
(33)
(22)
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Table2. Layerdepth,thicknessandintervalvelocitiesforamodel
withtwohigh-velocitylayers.
Table1.Layerdepth,thicknessandintervalvelocitiesforthe
modelswithsmallvelocityvariations(A),withlargervelocity
variations(B)andwithahigh-velocitylayer(C).
Numericalexamples
Wenowcomparetheaccuracyof thefunctionsderivedabove
withthoseseriesusedbyCausse tal (2000)andTanerand
Koehler(1969),whichwe shallhenceforthreferto as the
CausseandT andK series,respectively.Weusethesame
modelsasCaussetal (2000),andcalculatetheapproximate
traveltimesfor P-wavesreflectedat thebottomof three
differentplane-layermodels(A-C) withareflectordepthof
2500m(table1).
Giventheratioof offsetodepth,theparameters(initial
velocityand/orslownessandtheirgradients)in velocityor
slownessfunctionscanbeobtainedforknownmodels.The
relativeoffsetX canbeobtainedfromthelayeredvelocity
model. ReflectiontraveltimeT canbe calculatedfrom
equations(4)and(5).ThenusingtheoffsetX andreflection
traveltimeT in equations(12)and(13),theparametersfor
velocityvariationwithdepthcanbeobtained.The same
appliestotheslownessvariationwithdepth,andthevelocity
andslownessvariationwithverticaltraveltime.
For calculatinganalyticalparameters,the depthof
reflectorandverticaltraveltimecanbethecontrolparameters
foragivenlayeredmodel.Usingthemaximumvelocityand
minimumslownessinthelayeredmodel,wehave
k E Root{f(k) = Vm- (Ym- kzm)exp(ktOm)=O},
(0< k < ~:)
2(Vmtom- zm)
y= 2
tOm
2(SmZm- tOm)a=
(y < Vm)tom
Z~
13 E Root{f(f3) =Sm- (Sm- f3tom)exp(f3Zm)=O},
(13< 0) (37)
whereZm,Vm,Smandtomarethemaximumdepthofthelayer
beingcalculated,maximumvelocity,minimumslownessand
verticaltraveltimefromthesurfacetothelayer,respectively.
Theanalyticalparameterscanbeusedtoanalysewhich
functionis thebestfit forthegivenlayeredvelocitymodel.
Table3 showstheRMS errorsfor modelsin table1. The
velocityvariationwithverticaltimematchesmodelsA and
B buttheslownessvariationwithdepthmatchesmodelC.
Thoughthebestresultsforagivenmodelcannotbeobtained
from(34)to(37),astheparametersmustbeadjustedtoget
best-fitraveltimes,theRMS errorscanhelptodecidewhich
approximationisthebestfitforagivenmodel(table3).
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Table3.RMS errorsfromusingequations(34)-(37)formodelsin
table1.
Model
VA
VB
VC
Vz VtD Sz StD
0.1339
0.3123
1.5068
0.1241
0.2520
1.7229
0.1509
0.4734
0.8298
0.1417
0.3741
0.9604
(34)
Figure1showstheraysforoffsets4,8 and12kmin the
differentmodels.Sinceequations(4)and(5)aresums,and
theorderofthetermsinthesumdoesnotplayanyroleinthe
finalresult,wecanchangethelayerordertoincreasingorderin
velocityfromthesurfacetothereflectorinordertomoreeasily
determinethetwoparametersin thelinearvelocityand/or
slownessfunction.TakingmodelC oftable1asexample,we
canmovethehigh-velocitylayerfromthemiddletothebottom
of thelayersequence.Figures2-4showtherepresentationof
velocityandslownessforthesmallvelocityvariationsmodel
(A),largevelocityvariationsmodel(B)andhigh-velocitylayer
model(C)respectively.
Figure 5 shows the Taner and Koehler near-
offsetapproximationtraveltimesandCausselarge-offset
approximationtraveltimes. Figure6 showstraveltimes
calculatedby two-parametervelocityand slownessas
illustratedin figures2-4. Figure7 showstheapproximation
errorsresultingfromtheuseofTanerandKoehlerandCausse
approximationsfor thethreemodels. Figure8 showsthe
approximationerrorsoftwo-parametervelocityandslowness
with depthor verticaltraveltimes. Figure9 showsthe
residualsof traveltimesforthemodelsin table1. Weused
offset-to-depthratiosof 1,3 and5 to obtainparametersof
velocityandslowness.It is seenthatthevelocityvariation
withverticaltime(greencurvesin figure9) is suitablefor
modelB, andslownessvariationwithdepth(yellowcurves
in figure9)is thebestmatchformodelC.All fourfunctions
canbeusedfor modelA, correspondingto smallvelocity
variations.
(35)
(36)
Discussion
We nowcomparetheresultsobtainedusingthedifferent
approximations,anddiscusstheperformanceof thetwo-
parameterfunctionsforvelocityandslownesswhenapplied
todifferentvelocitydepthprofiles.Thenaftersettingoutthe
relationshipsbetweenthefunctions,weshalluseanexampleto
illustratehowvelocityandslownessfunctionsofverticaltravel
timeareconvenientforvelocityanalysisandthedetermination
ofNMO corrections.
Depth(m) L1.Z(m) VA (mS-I) VB (ms-l) VC (mS-I)
250 250 1500 1500 1500
650 400 1800 2000 1800
1250 600 1900 2400 1900
1450 200 2000 2800 4600
1950 500 2100 3200 2100
2500 550 2200 3600 2200
Depth(m) L1.z(m) V (mS-I)
300 300 1500
1100 800 2000
1300 200 4599
1900 600 2200
2100 200 4600
3000 900 2400
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2S00~ 12 2500~ 12
Figure1.Raypathsfordifferentoffsets.Thesolid,dashedanddottedlinescorrespondtomodels(intableI) withsmallvelocityvariations,
largevelocityvariationsandahigh-velocitylayer,respectively(afterCausse tal2000).
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Figure2. VelocityandslownessofmodelA (smallvelocityvariations).Theblueandredlinesrepresentinitialandestimatedvelocitiesand
slownessrespectively.Graphshowvelocityvariationwithdepth(topleft)andverticaltraveltime(topright),andslownessvariationwith
depth(bottomleft)andverticaltraveltime(bottomright).
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Figure3. VelocityandslownessofmodelB (largevelocityvariations).Theblueandredlinesrepresentinitialandestimatedvelocitiesand
slownessrespectively.Theorderandannotationofthegraphsarethesameasinfigure2.
Consideringthetraveltimecurvesin figure5, andthe
correspondingresidualsin figure7, it is clearthattheTaner
andKoehlerapproximation(equation(1»matchestheexact
traveltimecurveverywellatsmalloffsets.Thismustbeless
than3 kmin thecaseof modelC withahigh-velocitylayer
(seefigure7). Howeverthefitis pooratlargeoffsets,except
whenthevelocitycontrastsaresmall.Theapproximationcan
beimprovedatsmalloffsetsbyusingmoretermsoftheseries,
butthehighpowersof offsetin theseriesmakeit diverge
rapidlywith increasingoffset(AI-Chalabi1973). Causse
etat(2000)notethatinthepresenceofahigh-velocitylayer,
thehyperbolicapproximationgivesrelativelylargetraveltime
errorsevenfor offsetsapproximatelyequalto thereflector
depth.
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Figure4. VelocityandslownessofmodelC (high-velocitylayer,wherethislayerhasbeenmovedfromthemiddletothebottomof the
sequence).Theorderandannotationofthegraphsarethesameasin figure2.
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Figure5. TraveltimecurvesformodelA (smallvelocityvariations)ontheleft,modelB (largevelocityvariations)atthecentreandmodel
C (high-velocitylayer)ontheright.Upperdiagrams:TanerandKoehler(1969)approximation.Lowerdiagrams:Causse ta/ (2000)
large-offsetapproximation.Thelegendindicatesthenumberoftermsusedintherespectiveseries.Thethicksolidlinerepresentsheexact
traveltimescurve(Causseta/2000).
Consideringthesamefigures5 and7 theCausseseries
(equation(2»fitstheexactraveltimecurveverywellatlarge
offsets,especiallyformodelscontainingahigh-velocitylayer.
Approachingzero-offset,theapproximatetraveltimestendto
infinitybecauseof thenegativepowersofoffsetin theseries,
whenmorethantwotermsareincluded.Usingmoreterms
of theseriesimprovestheapproximationatlargeoffsets,but
makesitdivergeslightlymorerapidlywhenapproachingear
offset.Figure10showsthetraveltimesandresidualerrors
for theCausselarge-offsetapproximationfor a modelwith
twohigh-velocitylayers,withtheintervalvelocityanddepth
givenintable2. TheCausseapproximationshowsrelatively
pooraccuracyatsmalloffsetfor thetwoexampleswithno
high-velocitylayer,especiallymodelA intableI wherethere
276
isonlyasmallvariationofvelocity(seefigure7).It isaccurate
atlargeoffset,whichmustbelargerthan3.5kmin thecase
of modelC and4 kmforthemodelwithtwohigh-velocity
layers.
In contrast,comparingfigures5-8, thetraveltimes
calculatedfromtheequivalentvelocityandslownessmethod
areseento fit theexactraveltimecurvesbetterthanboth
theCausseandTanerandKoehlerapproximationsalongall
offsets.Figure11showstraveltimesandresidualscalculated
by thismethodforthemodelwithtwohigh-velocitylayers.
Consideringfigures8and11it isseenthatheapproximation
usingslownessvariationwithdepthshowsrelativelyhigh
accuracywhenusedfor modelswitha high-velocitylayer
(yellowlinein figures9 and11).
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Figure6.TraveltimecurvesusingequivalentfunctionsformodelA (smallvelocityvariations)ontheleft,modelB (largevelocity
variations)atthecentreandmodelC (high-velocitylayer)ontheright.Theblack,blue,yellow,greenandredlinesrepresenttheexactravel
timecurve,andthecurvescalculatedfromfunctionsof velocitywithdepth,slownesswithdepth,velocitywithverticaltraveltimeand
slownesswithverticaltraveltime,respectively.
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Tocomparethedifferentapproximations,figure12shows
fourvelocitycurveswithdepth.Thecurveshowthesame
maximumvelocities,butdifferentminimumvelocitiesand
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Figure9. TraveltimeresidualsusingequivalentfunctionsformodelA (smallvelocityvariations,top),modelB (largevelocityvariations,
middle)andmodelC (high-velocitylayer,below).Theleft,centreandrightgraphscouespondtooffset-to-depthratiosof 1,3and5,
respectively.Theblue,yellow,greenandredlinesrepresentthetraveltimeresidualscalculatedfromfunctionsofvelocitywithdepth,
slownesswithdepth,velocitywithverticaltraveltimeandslownesswithverticaltraveltime,respectively.
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Figure10.Traveltimes(top)andtraveltimeresiduals(bottom)forthemodelwithtwohigh-velocitylayers.Thelegendindicatesthe
numberoftermsusedintheCausselong-offsettraveltimeseries.Thecoefficientsoftheserieshavebeencalculatedbythenumbersin
table2(leftcurves)andbyassumingthatbothhigh-velocitylayershadasameaveragevelocityof4599.5mS-1(rightcurves).Thethick
solidlinerepresentsheexactraveltimecurve(Caussetal 2000).
278
variations. The linearvelocityvariationwith depthhas
constantslopeatall depths(bluecurvein figure12), The
velocityvariationwith verticaltraveltimevariesrapidly
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Figure11.Traveltimesandtraveltimeresidualsforthemodelwithtwohigh-velocitylayers.Theblue,yellow,greenandredlines
representthetraveltimeresidualscalculatedfromfunctionsof velocitywithdepth,slownesswithdepth,velocitywithverticaltraveltime
andslownesswithverticaltraveltime,respectively.
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Figure12.Velocitycurvesfromapproximationsgivenby
equations(4),(15),(21)and(28).Theblue,green,yellowandred
linesrepresentfunctionsof velocitywithdepth,verticaltraveltime,
slownesswithdepthandverticaltraveltime,respectively.
500
in low-velocitylayers(greencurvein figure12). This
approximationmatchesmodelB (table1)betterthantheother
threeapproximations(figure9 andtable3). The slowness
variationswithverticaltimeanddepthvarymostrapidlyin
largevelocitylayers(redandyellowcurvesin figure12)
amongall theapproximations.Thustheseapproximations
showthehighestaccuracyinthemodelwiththehigh-velocity
layer(figures9,11andtable3).
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It is appropriateosetouttherelationsbetweenvelocity
andslownessvariationwithdepthandverticaltraveltime.The
relationof verticaldepthz andverticaltraveltimetocanbe
writtenas
z=1 Vtodto=1 ~dto,to toSto (38)
and
to=f ~dZ =f SzdZ.z Vz z
Applying equations(38)and(39)to equations(8), (15), (21)
and(28),wehave
Vz=Vo+kz {} Vto =VoeXP(ktO)
]
Vto=Vo+yto {} Vz2=Vr?+2yz
Sz=So+az {} S~ =SJ+2ato .
St~=So+f3to {} Sz=Soexp(f3z)
Forcalculatingtraveltimes,weusethefunctionsofvelocity
andslownesswithdepth.Forseismicdatavelocityanalysis,
it is moreconvenientto applythefunctionsof velocityand
slownesswithverticaltraveltime.
(39)
(40)
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Figure13.SyntheticCDPrecordsforthemodelwithtwohigh-velocitylayers(table2).
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Figure14.Two-parameterslownessanalysisforthesynthetic
recordshownin figure13.Thevalueoftoisreadfromfigure13
andusedintheslownessanalysis.Thevaluesof SoandSolSt~are
obtainedfromthecontourplotandusedtocalculateSt~andCl.
To illustratetheapplicationof theequivalentvelocity
andslownessapproximationstovelocityanalysis,wetakethe
modelwithtwohigh-velocitylayers(table2)asanexample.
The bottomreflectorsyntheticCDP recordsareshownin
figure13. A totalof 121receiversat 100m intervalsare
used.Theminimumandmaximumoffsetsarezeroand12km,
respectively.At reflectordepth,velocityVzandVtoarethe
same,andso areSz andSto' Sincetocanbereadfrom
seismicrecords,wenormallyusetheapproximationsgiving
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velocityandslownessasa functionof to. Fromfigure13,
to is approximately2670ms. Accordingto thetestresult,
wechoseSofrom0.4to 1 skm-l andtheratioof slowness
(Sto/So)atthereflectorandthesurfacefrom0.1to0.5.The
parametersSz(Sto)andClin equation(21)canbecalculated
throughequation(27)fromto,Soandtheratioof slowness.
Foreachpairof SoandCl,traveltimeswerecomputedforall
offsets.
Figure14 is the two-parameterslownesssemblance
analysisforthesyntheticrecordshowninfigure13,inwhich,
thestrongestackingenergyis shownin red.Theoptimum
Soandratioof slownesswerepicked,andStD(theslowness
atreflector)andCl(theslownessgradient)werecalculated
as0.213616s km-I and-0.1540615skm-2.Applyingthe
parametersinequations(25)and(26),weobtainedtheNMO
times.TheCDP recordswithNMO appliedareshownin
figure15at thesamescaleasfigure13,andalsoat large
scale.
Figure16 showsthetwo-parametervelocityanalysis
methodusedin realdata,in which,themaximumoffsetis
at7008m. Thetwo-wayverticaltraveltimefromtypical
reflectorisabout1950ms.RealCMPgatherofseismicrecords
is shownin (a),therecordshownin (b)and(c)areNMO
resultsusingtraditionalsinglevelocityandtwo-parameter
velocitysemblanceanalysisrespectively.Wecanseethat
thetwo-parameterv locityfunctionproducesrelativelyhigher
accuracyat far offset. Thesesyntheticandrealresults
confirmthathetwo-parameterapproximationsaresufficiently
accurateformoveoutcorrectionof seismicdatafromnearto
faroffsets.
Offset(km)
. ID
Offset(km)
, 10
Figure15.TheNMO resultsoftherecordsinfigure13followingapplicationoftheresultsof two-parameterslownessanalysisfrom
figure14.Theprofileis shownatthesamescaleasfigure13(top),andatalargerscale(below).
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Figure16.(a)RealCMP gatherofseismicrecords.(b)and(c)areNMO resultsusingtraditionalsinglevelocityandtwo-parametervelocity
semblanceanalysisrespectively.Maximumoffsetisat7008m.Thetwo-wayverticaltraveltimefromtypicalreflectorisabout1950ms.At
faroffset,thetwo-parametervelocityfunctionproducesrelativelyhigheraccuracy.
The parametersderived from semblanceanalysis can
be used to estimatethe velocity model. Consideringthe
relationshipsin equation(40), we canderivethelayerdepth
Zi, thicknesshi andintervalvelocityVi,
For the four different approximations,we have the
followingexpressions.
Velocityvariationwithdepth:
Va,i[exp(kita,i)- 1]
Zi =
ki
Va,i(exp(kita,i)- 1)
hi =Zi - Zi-I =
ki
Va,i-l (exp(ki-Ita,i-I) - 1)
ki-I
Vi = hi = 1
[
Va,i(exp(kita,i)-1)
ta,i- ta,i-I ta,i- ta,i-I ki
- Va,i-l(exp(ki-Ita,i-I)- 1)
]
.
ki-I
(41)
Velocityvariationwithverticaltrave/time:
1 2
Zi =Va,ita,i+ "2Yita,i'
hi = Zi - Zi-I = (Va,ita,i- Va,i-Ita,i-I)
l
( 2 2 )+"2Yita,i- Yi-Ita,i-I '
hi 1 [Vi = = (Va,ita,i- Va,i-Ita,i-I)ta,i- ta,i-I ta,i- ta,i-I
+ ~(YitJ,i - Yi-ItJ,i-l) 1 (42)
Slownessvariationwithdepth:
Zi =~i(JSJ,i +2(1ita,i- Sa,i),
hi=zi-zi-I= ~i (JSJ,i+2aita,i-Sa,i)
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Slownessvariationwithverticaltraveltime:
I SO,i+fJitO,i
Zi =-log ,
fJi SO,i
I 'SO,i+fJ;tO,i
hi =Zi - Zi-I =- log
fJi SO,i
I SO,i-1+fJi-ltO,i-1
--log,
fJi-1 SO,i-1
hi I [I SO,i+fJitO,iV; = = -log-to' - to '- 1 to' - to'- I R. SO '.1,' ,I ,I fo'l .'
I SO,i-1+fJi-ItO,i-l
]
--log .
fJi-1 SO,i-1
In thepresenceofanisotropyproducedbythin-layeredmedia,
thetwo-parameterapproximationscanbeusedtogethighly
accurateresults.Sincein thiscasetheanisotropyis caused
byaverticalvariationofvelocity,themethodsdescribedhere
arewellmatchedtothesituation.However,in thepresence
ofazimuthalnisotropy,athirdparameterwill berequiredto
estimateseismicwavetraveltimes.
Conclusions
Wehaveextendedtheapproximationf seismictraveltimes
usingvelocityvariationwithdepthtoapproximationsbased
onvelocityvariationwithverticaltraveltime,andslowness
variationwithdepthandverticaltraveltime. Solutionsfor
all fourtypesof velocityor slownesshavebeenderived.
Thenewmethodwascomparedwiththeapproximationsof
TanerandKoehler(1969)andCausse tal (2000)forplane-
layeredisotropicmedia.It providesa muchbettermatchto
exacttraveltimesatall offsets,eventhoughthefunctions
onlyconsistof two terms. The functionwhichusesthe
slownessvariationwithdepthworksparticularlywellin the
presenceof a thinhigh-velocitylayerandwithtwohigh-
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(43)
velocitylayers.Therelationshipsbetweenvelocityand/or
slownesswithdepthand/orverticaltraveltimewerediscussed.
Onecanchoosesuitablexpressionof velocityor slowness
accordingto equation(40). For example,Vz = Vo+kz
is suitablefor calculatingtraveltimesbut its equivalent
expression Vlo=Voexp(kto)is betterfor semblanceanalysis.
A two-parametervelocity/slownessanalysisillustratedthe
applicationof thefunctions.Optimumparameterscanbe
determinedfromsemblanceanalysis.Theresultsof NMO
for syntheticandrealseismicrecordsshowthatthetwo-
parameterapproximationsproducerelativelyhighaccuracy
foralloffsets.
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